The redox chemistry of mononuclear and dinuclear gold(I) phosphine arylthiolate complexes was recently investigated by using electrochemical, chemical, and photochemical techniques. We now report the redox chemistry of dinuclear gold(I) phosphine complexes containing aliphatic dithiolate ligands. These molecules differ from previously studied gold(I) phosphine thiolate complexes in that they are cyclic and contain aliphatic thiolates. Cyclic voltammetry experiments of Au2(LL)(pdt) [pdt propanedithiol; LL 1,2-bis(diphenylphosphino)-ethane (dppe), 1,3-bis(diphenylphosphino)propane (dppp), 1,4-bis(diphenylphosphino)butane (dppb), 1,5-bis(diphenylphosphino)pentane (dpppn)] in 0.1 M TBAH/CH3CN or CH2CI2 solutions at 50 to 500 mV/sec using glassy carbon or platinum electrodes, show two irreversible anodic processes at ca. +0.6 and +1.1 V (vs. SCE). Bulk electrolyses at +0.9 V and +1.4 V result in n values of 0.95 and 3.7, respectively. Chemical oxidation of Au2(dppp)(pdt) using one equivalent of Br2 (2 oxidizing equivalents) yields 1,2-dithiolane and Au2(dppp)Br2. The reactivity seen upon mild oxidation < +1.0 V is consistent with formal oxidation of a thiolate ligand, followed by a fast chemical reaction that results in cleavage of a second gold-sulfur bond. Oxidation at higher potentials (>_ +1.3 V) is consistent with oxidation of gold(I) to gold(Ill). Structural and electrochemical differences between gold(I) aromatic and aliphatic thiolate oxidation processes are discussed.
Introduction
The hypothesis that redox chemistry is important to the biochemistry of gold is appealing. Several models that include redox chemistry have been proposed to explain the biological activity of gold drugs. [1] [2] [3] [4] For example, thiol/disulfide-rich membranes may 'shuttle' gold(I) through cells via a series of steps involving closely spaced thiol and disulfide sites. 2 Also, oxidation of gold(I) may be responsible for some of the serious side effects that accompany and limit the usefulness of gold drugs because gold(Ill) is known to be toxic. 1,3 Disulfides may also be a target site for gold(I) in cases where disulfide reduction is coupled to phosphine oxidation in a gold complex. 1, 4 Our group has been studying the electronic structure and reactivity of d 10 gold(I) complexes, especially gold(I) phosphine thiolate complexes. 5 These complexes are related to Auranofin, an orally active anti-arthritis drug containing triethylphosphine and tetraacetylthioglucose ligands. 6 Our previous investigations on the electronic structure of mononuclear and dinuclear gold(I) phosphine thiolate complexes suggest that the lowest energy transition is a ligand-to-metal charge transfer (S--> Au) transition. 5a,b We recently initiated a study on the redox reactivity of gold(I) phosphine complexes containing p-thiocresolate ligands. 5c Cyclic voltammetry experiments on mononuclear and dinuclear gold(I) complexes show two irreversible anodic processes near +0.6 and +1.5 V. Bulk electrolyses experiments were carried out at +1.0V and +1.5V to measure the number of electrons transferred (n) for each oxidation process. For mononuclear gold(I) complexes the n values are 0.5 (at +1.0V) and 2 (at +1.5V), while dinuclear complexes have n values of 1 (at +1.0V) and 5 (at +1.5V). Thus, in the first oxidation process, only one electron is transferred per two Au, P, or S sites. Furthermore, during electrolysis, p-tolyl disulfide [(p-tc)2] forms. Chemical oxidation as well as photolysis also yield (p-tc)2. The n values and chemical reactivity seen upon mild electrochemical oxidation are consistent with formal oxidation of one thiolate ligand, followed by a fast chemical reaction that results in formation of a sulfur-sulfur bond. 15 and that the thiol, p-thiocresol, oxidizes near +1.5 V. 16 These electrochemical studies demonstrate that gold, phosphine, and sulfur ligands may be redox sites. Therefore, at issue are the following questions concerning the oxidative behavior of gold(I) phosphine thiolate complexes: (1) which of the three potential redox sites, gold(I), phosphine, or thiolate are redox active, (2) do significant following reactions occur after oxidation, and (3) do any of these sites undergo redox chemistry at low enough potentials to be biologically accessible? As a continuation of our studies on gold phosphine thiolate complexes, we now report electrochemical and chemical oxidation studies of dinuclear gold(I) complexes containing aliphatic, dithiolate ligands.
Materials and Methods
Materials. Acetonitrile (Burdick & Jackson UV grade), and methylene chloride (spectrophotometric grade, Aldrich) for the electrochemical experiments were used as received. Deuterated solvents were pumhased from Cambridge Isotope Laboratories. The supporting electrolyte, tetra-N-butylammonium hexafluomphosphate (TBAH), was prepared by metathesis of tetra-N-butylammonium bromide (TBABr), and HPF6 in water. 17 TBAH was purified by recrystallization from methylene chloride/ether and dried at 80 C under vacuum for more than 24 hours. The supporting electrolyte, potassium hexafluomphosphate (98%, Aldrich) was used as received. The gold complexes were prepared according to previously published methods. 5a
HAuCI4.3H20 was purchased from Aldrich or Aithaca Chemical; phosphine ligands were pumhased from Strem or Aldrich; and p-thiocresol and p-tolyldisulfide were pumhased from Aldrich.
1 H NMR spectra were recorded on Varian 200 MHz or 300 MHz spectrometers at ambient temperature.
Abbreviations. The following abbreviations are used" p-tc p-thiocresol; Controlled potential electrolysis experiments. The electrolysis experiments were performed using an EG&G Princeton Applied Research 273 potentiostat/galvanostat set in the potentiostat mode and operated at the specified potential. A three compartment cell designed for handling air sensitive materials was used for all electrolysis experiments. 18 The reference electrode was S.C.E. brought into the main compartment via a Luggin capillary. The main compartment contained a cylindrical platinum mesh working electrode and a Teflon stir bar centered within the platinum mesh. The auxiliary platinum mesh electrode was separated from the main compartment by a fine glass frit.
In each constant potential electrolysis experiment, the apparatus was assembled, after oven drying, and cooled under an atmosphere of nitrogen. The electrolysis solution (0.1 M TBAH) was introduced into the cell and was stirred and degassed with nitrogen for a minimum of ten minutes. The potentiostat was set to the potential of interest, the cell turned on, and after the current had reached a steady state, typically within 5 minutes, the background current (/bkg) was measured and recorded. The potential and internal coulometer of the PAR 273 was then reset to zero. Gold compound (25 to 46 mg, 0.03-0.05 mmol) was added to the cell, and the solution was degassed with nitrogen for an additional ten minutes. The same potential used to determine the background current was then applied to the solution. During the electrolysis oxidation experiment, the total current (total) was measured as a function of time. The rate of stirring remained approximately constant throughout the experiment. When/total Pokg, the assumption was made that electrolysis was complete and the experiment was stopped. The number of electron equivalents (n) passed during the experiment was calculated using Faraday's Law and by assuming that kg was a constant during the electrolysis experiment. Thus, the total number of coulombs passed during the oxidation of a gold(I) complex (Qox) was calculated by subtraction of the coulombs from the background process (Qbkg =/okg x time) from the total number of coulombs using Qtotal "Qbkg Qox. Constant potential electrolysis of ferrocene at +1.5 V vs. SCE, used to calibrate the cell, gave an n value of 0.93 (expected n 1.0).
Chemical oxidation experiment. 15 (Table II) . Cyclic voltammetry experiments were performed at scan rates between 50 and 500 mV/sec and several replications were obtained at each scan rate. The switching potential was also varied in order to characterize different oxidation processes.
Adsorption of gold complexes to the electrode surface occurred at all electrode/solvent combinations investigated and was minimized by wiping the electrode between each CV scan. In general, scan rates were randomly varied using tables of random permutations in order to minimize any sequential effects of adsorption. 19 Oxidation of Au2(dppe)(pdt) .at glassy carbon in CH3CN (ca. 0.5 raM) shows a broad anodic wave with peak potential, EplA, at +0.6 V vs. SCE (Table II, Figure 1 ). There is no return component of this oxidation process, i.e. it is irreversible. The broadness of the wave can be quantified by taking the difference between the potential at maximum current (Epl A) and the potential at half-current (Epl/2A). This difference is ca. 150 mV for the scan shown in Fig lB. (For comparison, a value of 59 mV is predicted for a reversible one electron process.) The corresponding set of oxidative CV experiments of Au2(dpppn)(pdt) show similar broad oxidation processes except that the peak near +0.6 V is sometimes very weak (see Table II The bulk electrolyses results for the first oxidation process are consistent with an EC mechanism in which a fast following reaction occurs.
Chemical Oxidation. The formal oxidation potential of bromine, +0.82 V vs. S.C.E., 20 makes it suitable as a one-electron oxidant for the gold(I) phosphine thiolate complexes. Furthermore, the reduced species of bromine, Br', is a good ligand for gold. When one equivalent of Br2 (two oxidizing equivalents) is added to Au2(dppp)(pdt) and the solution is monitored by 1H NMR, the peaks associated with the starting complex quickly disappear and 1,2-dithiolane forms quantitatively. Figure 3A shows the spectrum of Au2(dppp)(pdt) before addition of Br2. After addition of one equivalent of Br2, the starting gold complex has disappeared and new peaks at 3.1 (triplet) and 2.25 (quintent) ppm due to 1,2-dithiolane 21 have appeared ( Figure 3B ). The chemical shifts and appearance of the remaining peaks in Figure 3B are consistent with coordinated phosphine and are assigned as Au2(dppp)(Br)2 by comparison to an authentic sample of Au2(dppp)(CI)2 (see Figure 3C ).
Discussion
First Oxidative Process. Previous electrochemical, chemical, and photochemical studies on mononuclear and dinuclear gold(I) complexes containing p-thiocresolate ligands can be summarized by Scheme I. 5c Mild electrochemical oxidation (<+1.0 V vs. SCE) appears to lead to an irreversible one-electron oxidation with formation of the disulfide, (p-tc)2. On the basis of scan rate dependent studies and bulk electrolysis experiments, an EC mechanism was assigned for the first oxidation process. 22 Bulk electrolysis experiments on Au2(LL)(pdt) (LL = dppp, dppb) at _> +1.3 V result in n = 3.5 and 4.2, respectively, consistent with an electrochemical oxidation involving generation of disulfide followed by oxidation of gold to Au(lll). At the beginning of the experiments, the solutions are cloudy, due to the low solubility of the complexes in CH3CN. However, during electmlyses, the solutions clear and then become yellow. Cyclic voltammetry experiments conducted after the bulk electmlyses were complete, show waves which previously have been ascribed to the reduction of Au III in solution. 11 The products of the second oxidation process are unknown at this time.
Conclusion. Savant and coworkers recently reported electrochemical studies of thiophenoxide and para-substituted thiophenoxide anions. 15 At scan rates of 0.025 to 10 V/s, the cyciic voltammograms are irreversible. However, at higher scan rates, e.g. 1,000 V/sec, and low thiolate concentration, partial reversibility is observed for some of the compounds. This behavior is attributed to a fast electron transfer step followed by a very fast dimerization to form disulfide. For (p-tc)', the formal electrochemical oxidation potential is reported as +0.04 V (vs. SCE). 15 The overall effect of a fast following chemical step is to decrease the observed oxidation potential compared to the formal oxidation potential, E. 15 Thus, a molecule appears easier to oxidize than it does in the absence of any chemical step. These observations allow us to speculate that the formal oxidation potentials of mono-and dinuclear gold(I) phosphine thiolate complexes are _> +0.56 V. Thus, coordination of thiolates to gold(I) phosphines shifts the oxidation of a thiolate by >+500 mV. An increase in ligand oxidation potential upon coordination to a transition metal is consistent with the central field effect as recently discussed by Dodsworth, Vlcek, and Lever. 24 This result may have biological implications in as much as coordination of gold(I) to thiolates in vivo may serve to protect high-affinity thiols from oxidation and thereby modify certain thiol/disulfide equilibria in cells. Alternatively, oxidation of a phosphine gold(I) moiety attached to cysteine within a protein may lead to formation of disulfide bridges that could dramatically alter the structure of a protein. Furthermore, on the basis of our electrochemical results, oxidation of gold(I) phosphine thiolates to gold(Ill) would require a more oxidizing environment than is typically found in cells. 25 More powerful oxidants capable of oxidizing gold(I), such as H202 and HOCI, are released by leukocytes as a consequence of an immune response. 26 Finally, it is interesting to note the similarity in reactivity of d o and d 10 
